Background: Earlier studies have suggested that infant feeding may program long-term changes in cholesterol metabolism. Objective: We aimed to examine whether breastfeeding is associated with lower blood cholesterol concentrations in adulthood. Design: The study consisted of a systematic review of published observational studies relating initial infant feeding status to blood cholesterol concentrations in adulthood (ie, aged 16 y). Data were available from 17 studies (17 498 subjects; 12 890 breastfed, 4608 formula-fed). Mean differences in total cholesterol concentrations (breastfed minus formula-fed) were pooled by using fixed-effect models. Effects of adjustment (for age at outcome, socioeconomic position, body mass index, and smoking status) and exclusion (of nonexclusive breast feeders) were examined. Results: Mean total blood cholesterol was lower (P ҃ 0.037) among those ever breastfed than among those fed formula milk (mean difference: Ҁ0.04 mmol/L; 95% CI: Ҁ0.08, 0.00 mmol/L). The difference in cholesterol between infant feeding groups was larger (P ҃ 0.005) and more consistent in 7 studies that analyzed "exclusive" feeding patterns (Ҁ0.15 mmol/L; Ҁ0.23, Ҁ0.06 mmol/L) than in 10 studies that analyzed nonexclusive feeding patterns (Ҁ0.01 mmol/L; Ҁ0.06, 0.03 mmol/L). Adjustment for potential confounders including socioeconomic position, body mass index, and smoking status in adult life had minimal effect on these estimates. Conclusions: Initial breastfeeding (particularly when exclusive) may be associated with lower blood cholesterol concentrations in later life. Moves to reduce the cholesterol content of formula feeds below those of breast milk should be treated with caution.
INTRODUCTION
Coronary heart disease (CHD) is the most common cause of death in Westernized societies, accounting for one-fifth of all mortality in the United Kingdom (1) . Elevated concentrations of circulating blood cholesterol in adult life (total and LDL cholesterol in particular) are strong and reversible risk factors for CHD in adulthood (2, 3) . Factors operating in adult life, including diet (particularly fat intake), are important influences on adult blood cholesterol concentrations (4 -7) . However, increasing evidence has suggested that early nutritional exposures, perhaps in the first weeks of postnatal life, may also modify cardiovascular risk, including blood cholesterol concentrations, in later life (8, 9) . Our previous systematic review and meta-analysis showed that mean blood total cholesterol concentrations in breastfed subjects, compared with those in formula-fed subjects, were higher in infancy, similar in childhood, and lower in adult life (10) . In agreement with earlier studies (11, 12) , this finding led us to hypothesize that early exposure to the high cholesterol content of breast milk could affect long-term cholesterol metabolism (10) . Although nutritional programming of cholesterol synthesis in later life is biologically plausible (13) , there were several weaknesses in the data presented in our earlier review (10) , which limited the strength of evidence for a causal association between breastfeeding and lower blood cholesterol concentrations in later life. First, the number of studies was small, with only 5 reports available for inclusion. Second, because almost all of the studies examining this association were observational, there was a possibility of confounding, particularly by familial and socioeconomic circumstances, which could not be taken into account with the published data available. Third, information on infant feeding practices was limited, partly because, in many cases, information was based on long-term recall and also because it was not always possible to distinguish exclusive breastfeeders or bottle feeders from mixed feeders. The inclusion of mixed-fed subjects in any comparison may dilute any potentially advantageous or harmful effects. We have therefore updated our review in an attempt to address these issues, using, insofar as possible, data provided by the authors of individual studies, to establish with greater precision the strength of the relation between infant feeding and blood cholesterol. We have focused entirely on total cholesterol, which is strongly associated with CHD risk (3) , because considerably more data are available for this outcome than for LDL cholesterol. In our earlier review (10), the relations of infant feeding with both total and LDL cholesterol were extremely similar.
MATERIALS AND METHODS

Systematic review process
Eligible studies were those that collected data on initial infant feeding practices and measured concentrations of total blood cholesterol in adult life (defined as ͧ16 y old). We searched MEDLINE (1950 to June 2007), EMBASE (1980 ( to June 2007 , and Web of Science (1970 to June 2007) databases by using a combined text word and MESH and subject headings (for MEDLINE and EMBASE, respectively) search strategy (see Appendix A). The electronic search (conducted by SJK) was restricted to studies carried out in human subjects that were reported in English. In total, 1499 unduplicated references were found; a review of abstracts (conducted independently by CGO and SJK) showed that 21 (14 -34) were relevant (Figure 1) . Three publications were excluded: one study examined only the association between duration of breastfeeding and fasting plasma lipids at 17 y of age, and there was no formula-fed group for comparison (21) ; one examined the effect of nutritional supplementation in pregnant mothers, infants, and children on serum lipids in later life (18) ; and one was a review (22) . Hence, 18 publications (representing 17 studies with 17 498 participants) were included in the review. (See Figure S1 under "Supplemental data" in the current online issue.) All were observational studies of either cross-sectional (with long-term recall of infant feeding practices) or longitudinal design.
Data extraction
To standardize the format of the results, we devised a data request form. Requests were made to corresponding authors, Principal Investigators of 16 of the 17 relevant studies (14 -16, 19, 20, 23-34) , or both; authors from 1 study published in the 1970s could not be found (17) . For that study, and for studies whose corresponding author did not respond to the request for information, data were extracted from published reports. Mean differences in total cholesterol concentrations (in mmol/L) were sought (for men and women individually when appropriate), defined as concentrations in those categorized as breastfed minus concentrations in those categorized as formula-fed. Data from one prospective study with blood cholesterol concentrations measured in a subgroup at age 32 y (26) was replaced with data from the entire cohort followed-up at 53 y of age (35) . Total cholesterol was chosen over other measures of blood cholesterol (particularly LDL) because the former was considerably more widely available (10) . Our earlier work showed that other measures of blood cholesterol (ie, LDL) were available in only twothirds of the studies that reported total cholesterol in adulthood by feeding group (10) . Authors were asked to define, if possible, a group of exclusive breastfeeders and to provide information on the exclusively bottle-fed (ie, formula-fed) group for comparison. In studies in which exclusively breastfed subjects were a subgroup of a larger ever breastfed group, authors were asked to provide data on those exclusively breastfed, even though that may result in a loss of numbers (24) . Authors were asked whether initial infant feeding status was ascertained from records or maternal report at the time of infant feeding or from recall some years after birth. They were asked to report the median duration of exclusive breastfeeding, exclusive bottle feeding, or mixed feeding (defined as both breastfeeding and bottle feeding). Exclusive breastfeeding is defined by the World Health Organization as breastfeeding while giving no other food or liquid, not even water, for the first 4 mo of life (36) . Although we asked for the cholesterol concentrations in exclusive feeding groups, few studies used this definition. Hence, the exclusiveness of infant feeding is based on the classification given in individual study reports or, where applicable, reported directly by the author (Table 1). Bottle feeders were assumed to have been fed formula milk, not human milk, throughout. Mean differences in total cholesterol between those exclusively breastfed and those exclusively bottle-fed were sought 1) without adjustment (to verify the reported means); 2) with adjustment for age only; 3) with adjustment for age and individual adjustments for each of current socioeconomic position, body (17, 27, 32, 35) . 4 Subjects of similar age at outcome; hence, adjustment for age was not made (24, 31) . 5 Adjusted for family income, household asset index, maternal education, prepregnancy BMI, ethnicity, birth weight, gestational age, maternal smoking during pregnancy, current BMI, and behavioral variables (eg, fat content of diet, physical activity, smoking, and alcohol drinking) (32) .
6 Total number only. 7 x ; 95% CI in parentheses (all such values).
mass index (BMI; in kg/m 2 ), and smoking status; or 4) with adjustment for age, current socioeconomic position (SEP), BMI, and smoking status combined. Authors were asked to specify whether socioeconomic position was based on occupation, income, education, or all. Data were also requested on the type of formula feed, year of birth, mean age, and the minimum and maximum age of participants when blood cholesterol was measured. Authors were invited to provide an anonymized data set if they were unable to carry out the analyses requested. When data could not be obtained from study authors, mean differences in cholesterol were extracted from the published report with and without adjustment for potential confounders.
Statistical analysis
Statistical analyses were carried out with the use of STATA/SE for WINDOWS software (version 9.2; StataCorp LP, College Station, TX). To carry out the meta-analyses, we used the mean difference in total cholesterol between those initially breastfed and those formula-fed and the SE of the difference from each study, with the adjustments listed 1-4 above. Heterogeneity in mean differences in total cholesterol between studies was examined by using chi-square tests. Fixed-effect models are reported throughout because they reflect only the random error within each study, and they are less affected by publication bias (whereas small studies tend to publish larger estimates). Funnel plots, Begg tests, and Egger tests (37-39) did not show any evidence of small study bias (P 0.8 for all Begg and Egger tests). The effect among exclusive and nonexclusive feeders was compared by using meta-regression and sensitivity analysis. Because an a priori decision was made to consider studies with "pure" exposure, further analyses were carried out on a subgroup of studies that reported exclusive breastfeeding or formula feeding in early life. Separate analyses for males, females, and both sexes combined (additionally adjusted for sex) were conducted. The effect of study size, age groups at outcome measurement (comparing those aged 16 -30 y with those aged ͧ50 y), year of birth, the method of ascertainment of infant feeding status (whether contemporary or recalled over a period of ͧ5 y) was examined by using meta-regression and sensitivity analysis. Meta-regression was also used to establish whether mean concentrations of total cholesterol in each study had any effect on mean differences between feeding groups. There were insufficient data to examine the effect of duration of breastfeeding.
RESULTS
In total, we were able to extract mean differences in total cholesterol between those breastfed and formula-fed from all 17 eligible studies (representing 17 498 subjects); of these differences, 13 were based on the response of individual authors (11 703 subjects), whereas 4 were obtained from the published literature ( Figure 1 and Table 1 for both). All but 4 studies reported using fasting concentrations of blood cholesterol; in those 4 studies (17, 27, 32, 35) , fasting status was not imposed. Twelve studies were based in Northern Europe (including 8 in the United Kingdom), 1 in Eastern Europe, 2 in the United States, 1 in South America, and 1 in New Zealand. In 7 studies, it was possible to compare groups of subjects who were exclusive breastfeeders and bottle feeders. In the remaining 10 studies, the infant feeding groups were not completely exclusive, either because exclusivity of early feeding was unknown (4 studies), because the breastfeeding group included mixed feeders (5 studies), or because the bottle-feeding group included mixed feeders (1 study). Of the 17 estimates, 10 related breastfeeding to a lower mean concentration of total cholesterol in later life than was associated with formula feeding. There was evidence of marked heterogeneity between studies ( 2 ҃ 30, P ҃ 0.02). In a fixedeffects model including all 17 studies, the breastfed subjects had marginally lower total cholesterol than did the formula-fed subjects (mean difference: Ҁ0.04 mmol/L; 95% CI: Ҁ0.08, 0.00 mmol/L; Figure 2) ; the pooled estimate from a random-effects model was similar (Ҁ0.05 mmol/L; 95% CI: Ҁ0.12, 0.02 mmol/ L). The mean difference was unaffected by exclusion of one study with nearly one-half (45%) of the statistical weight (31) or after adjustment for age, current SEP, BMI, smoking status, or all ( Table 1) .
Influence of exclusive breastfeeding or formula feeding in early life
Seven studies reported data for exclusive breastfeeding and bottle-feeding groups (15, 16, 23-25, 34, 35, 40) ; all except one study (35) had measurements of fasting total cholesterol. The estimates for the 7 studies reporting exclusive feeding were more homogeneous ( 2 ҃ 8, P ҃ 0.23) than were the estimates from all 17 studies; the overall mean difference in total cholesterol from the 7 studies reporting exclusive feeding was stronger (mean difference: Ҁ0.15 mmol/L; 95% CI: 0.23, Ҁ0.06 mmol/L; Figure 3) than that in the remaining 10 studies (14 388 subjects) that did not report exclusive feeding (mean difference: Ҁ0.01 mmol/L; 95% CI: Ҁ0.06, 0.03 mmol/L; 2 ҃ 14, P ҃ 0.12; test for difference between groups, P ҃ 0.005). Among the studies that reported exclusive feeding, only one study (25) relied on long-term recall (ie, after 23 y) of infant feeding status; the remaining studies recorded infant feeding in infancy (15, 16, 23, 24, 35) or early childhood (3-6 y after birth) (33, 34, 40) . The mean difference in this former study was similar to the pooled estimate from the other studies (P ҃ 0.49). Only 3 studies were able to report the duration of exclusive feeding (24, 33, 35, 40) ( Table 2) . Hence, there was insufficient power to formally examine the influence of duration of exclusive feeding on cholesterol concentrations in later life. Despite that failing, persons who are exclusively fed are likely to be fed for longer periods than are those partly or mixed fed, with median durations of 4 (24) and 9 (33, 35, 40) mo being reported in the 3 studies with available data.
Influence of age, current socioeconomic position, BMI, smoking status, and sex
We carried out analyses (chosen a priori) ( Table 2 ) examining factors influencing the difference between breastfed and bottlefed among the 7 studies with information on exclusive infant feeding. The mean difference was little affected by adjustment on a within-study basis for age, current SEP, BMI, and smoking status and was marginally attenuated after combined adjustment ( Table 2 ). The difference in total cholesterol between infant feeding groups varied slightly with the age of the subject at the outcome measurement. A mean difference of Ҁ0.21 mmol/L (95% CI: Ҁ0.33, Ҁ0.09 mmol/L) was observed in young adults (16 -30 y old), and a mean difference of Ҁ0.10 mmol/L (95% CI: Ҁ0.21, 0.02 mmol/L) was observed in the adults aged ͧ50 y (Table 2 ). However, there was no strong evidence of a difference between age groups (P ҃ 0.19; P ҃ 0.26 for age as a continuous variable). Similarly, year of birth (comparing those born before and after 1950) was unrelated to mean differences in total cholesterol (P ҃ 0.30; P ҃ 0.50 for mean year born as a continuous variable). In a meta-regression analysis, the mean differences between feeding groups observed in each study were unrelated to the mean total cholesterol concentrations in that study (P ҃ 0.42). All studies provided data by sex; the mean difference was similar in males (Ҁ0.14 mmol/L; 95% CI: Ҁ0.26, Ҁ0.02 mmol/L) and females (Ҁ0.16; 95% CI: Ҁ0.28, Ҁ0.04 mmol/L; Table 2 ).
DISCUSSION
This systematic review of 17 studies found a marginally lower mean concentration of total cholesterol in adult subjects who had been breastfed in infancy than in those who had been formulafed. However, the reduction in cholesterol concentrations in FIGURE 2. Mean (and 95% CI) differences in blood cholesterol between breastfed and bottle-fed participants in 17 studies (16 crude estimates, 1 adjusted for age). The box area of each study is proportional to the inverse of the variance, and the horizontal lines show the 95% CI. First author is listed on the y-axis; mean age is shown in ascending order; "M" refers to male-only studies. The pooled estimate based on a fixed-effects model is shown by a dashed vertical line and छ (95% CI).
FIGURE 3.
Mean (and 95% CI) differences in blood cholesterol between breastfed and bottle-fed participants in 7 studies that reported exclusive breastfeeding or bottle feeding in early life. The box area of each study is proportional to the inverse of the variance, and the horizontal lines show the 95% CI. The first author is listed on the y-axis, and mean age (y) is given in ascending order. The pooled estimate based on a fixed-effects model is shown by a dashed vertical line and छ (95% CI).
TABLE 2
Pooled mean differences obtained by using fixed-effect models in studies that reported exclusive breastfeeding and formula feeding adults who had been breastfed was more marked in a subgroup of studies in which comparisons were based on exclusive breastfeeding and formula-feeding groups in early life. This association among exclusive feeders was homogeneous across studies and sexes, and it did not appear to be influenced by small study or publication bias. The effect was not changed by systematic adjustment for confounders (eg, SEP or current smoking status) or by adjustment for BMI, which is a potential confounder but which could also be a mediating factor in the causal pathway between early feeding and cholesterol concentrations in later life. A larger number of published studies relating infant feeding to adult cholesterol concentrations were available for the present review than had been available at the time of our previous review (17 compared with 5) (10). One of the major strengths of the present review is that data were obtained from all relevant studies identified; 13 studies (76%) provided additional analyses with systematic adjustment for potential confounders (including the 7 studies that reported exclusive feeding). It is reassuring that effect estimates were not materially altered by adjustment for confounders in adult life, but it remains possible that the observed differences in adult cholesterol may still be explained by residual confounding, because those initially breastfed may go on to have lifestyles different different from the lifestyles of those initially formula-fed. In particular, a formula-feeding group may be atypical in studies carried out at a time (ie, in the early part of the 20th century, when bottle feeds were predominantly cow-milk preparations) (15, 16, 24) or in cultures where breastfeeding was widespread (32) . There was no evidence of any effect of year of birth (cohort) or geographical effects in this review (data not presented), although the statistical power of the analyses to examine these influences was limited. The only way of further examining the influence of confounding factors on this relation is to consider studies that randomly assign infants to be breastfed or formula-fed. However, experimental studies are generally impractical in this context, except in specific circumstances of preterm birth or randomized controlled trials of breastfeeding promotion (8, 41) . Studies adopting these approaches, although they raise the possibility that breast milk is associated with lower LDL-cholesterol concentrations in adolescence (9) , have yet to report on the effect of infant feeding on cardiovascular risk factors in adult life. Further follow-up of these study populations into adulthood may be of interest.
A limitation of the available information has been the small number of studies in which exclusively breastfed and bottle-fed subjects can be clearly defined. There is a paucity of studies in the world literature that identify persons who were exclusively fed in early life and that also collect data on the duration of exclusive feeding. In this review, only 7 (41%) of the 17 studies reported exclusive breastfeeding or formula feeding, and only 3 of those 7 studies (24, 33, 35, 40) could confirm that the median duration of breastfeeding in their subjects was ͧ4 mo, which is a length of time akin to World Health Organization recommendations (36) . Although the restriction of analysis to exclusive feeding groups resulted in the omission from analysis of more than half of the studies (10 of 17, 14 388 of 17 498 subjects), the effects observed were homogenous and based largely on contemporaneous ascertainment of exposure (either from birth records at the time of feeding or by maternal recall within 6 y after birth). The overall estimate from these studies (Ҁ0.15 mmol/L) was robust to adjustment and similar to the estimate published in our earlier review (Ҁ0.18 mmol/L), which was pooled from studies largely without adjustment for potential confounders [except 1 study that adjusted for body weight (26) ]. This similarity in effect is not entirely surprising, because 4 studies used in the earlier review were included in the exclusive group (15, 16, 23, 25, 26, 35) . However, in the present review, we were able to show that estimates of effect were largely unaltered by adjustment for potential confounders. Although there were insufficient data to explore the influence of the duration of feeding, exclusively breastfed persons are likely to represent a group who are breastfed for longer periods: ie, median breastfeeding durations of 4 -9 mo were reported among the 3 studies with available data (24, 33, 35, 40) . To further elucidate the influence of the duration and exclusivity of breastfeeding, more studies with detailed information on initial feeding-preferably recorded at the time of feeding-and with follow-up in adult life are needed. On the basis of the present review, it appears that such information is very limited.
The lower blood cholesterol concentrations observed in adult life in exclusively breastfed infants in the present review raise the possibility that exposure to breast milk [which is associated with a short-term increase in total cholesterol concentrations in infancy of Ȃ0.6 mmol/L (10)], may have long-term effects on blood cholesterol concentrations later in life (42) . This possibility could be an example of nutritional programming (8, 10, 42) . The composition of breast milk differs from that of formula milk in several respects. Breast milk has a higher cholesterol content, and breast milk, unlike formula milk, contains hormones (especially leptin and tri-iodothyronine), immunoglobulins, and nucleotides (17, 25) . Early exposure to the high cholesterol content of breast milk could be important; enteral exposure to high cholesterol in infancy reduces the endogenous synthesis of cholesterol, probably by down-regulation of hepatic hydroxymethyl glutaryl coenzyme A reductase (13) . However, other studies examining the effect of initial feeding on endogenous cholesterol fractional synthesis rates failed to show any long-term postinfancy imprinting effects (43) . These results, however, provide no support for the possibility raised in animal studies that breastfeeding may program an adverse lipid profile (44, 45) . A second possibility is that early exposure to breast milk has an effect on dietary behavior in later life (behavioral programming). Further investigation of the adult dietary patterns of breastfed and bottlefed subjects would help to establish whether this possibility is an actuality.
If exclusive breastfeeding has a prevalence of 30% (46) and reduces blood cholesterol by 0.15 mmol/L, as much as Ȃ5% of all CHD cases could be avoided. On this basis, increases in rates of exclusive breastfeeding would have a discernible effect in reducing the burden of coronary disease, although the reduction in cholesterol associated with early breastfeeding would be small compared with that achievable by dietary means or pharmaceutical interventions in adult life (2, 4). There currently is, however, no consistent evidence from the small number of longitudinal studies that have examined this issue that breastfeeding results in a reduction in the risk of cardiovascular disease in later life (15, (47) (48) (49) , although our results do suggest that moves to reduce cholesterol and saturated fat intake in infancy should be undertaken cautiously until the long-term effects on cholesterol metabolism are known (50) . Although breastfeeding has modest effects on blood pressure (51) and adiposity (52, 53) in later life, it has numerous other health benefits, including protection against infectious disease morbidity (54) and mortality (55) in infancy and a lower risk of type 2 diabetes (56) and improved neural and psychosocial development in the longer term (57, 58) . Hence, breastfeeding should be advocated, when possible, as the preferred method of feeding in early life.
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